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The notion of "hadronic freedom" is introduced based on the vector manifestation of hidden local 
symmetry and is used to suggest that the dileptons measured in relativistic heavy-ion collisions 
do not provide direct information on the spontaneous breaking of chiral symmetry and hence on 
the mechanism for mass generation of light-quark hadrons. We give arguments how the dileptons 
emitted from those vector mesons whose masses are shifted a la Brown-Rho (BR) scaling by the 
vacuum change in temperature - as in heavy-ion collisions - and/or density - as in cold compressed 
matter - could be strongly suppressed in the hadronic free region between the chiral restoration 
point and the "flash point" at which the vector mesons recover J> 90% of their free-space on-shell 
masses and the full strong coupling strength. It may seem ironical that the very mechanism i.e., 
the vector manifestation in hidden local symmetry, that is to make the mass drop and modify 
the spectral function is in turn responsible for the dilepton suppression. A possible falsification 
of this drastic prediction will be indicated. We also briefly discuss the potential role played by 
the holographic dimension intrinsic in gravity-gauge duality that provides a unified field theory 
description of hadrons - both mesons and baryons - under extreme conditions. Baryons arise as 
coherent states of pions and vector mesons of holographic QCD which define the ground state or 
the "vacuum" on which mesonic excitations could undergo BR scaling. 



I. INTRODUCTION 



In QCD, most of the mass of the ground-state light- 
quark hadrons, e.g., J> 95% of the p meson mass, is un- 
derstood to be generated dynamically by the spontaneous 
breaking of chiral symmetry in the complex vacuum, so 
it is natural to think that by "cleansing" the vacuum, 
the masses could disappear as the broken symmetry is 
restored. Based on this general consideration, a predic- 
tion was made in 1991 that the masses of light-quark 
hadrons would drop proportionally to some power of the 
quark condensate at high temperature and density [l[. 
This in-medium property of hadrons is referred to in the 
literature as "Brown-Rho (BR) scaling." It was thought 
that the "unbreaking" of the symmetry, or equivalently 
the "shedding" of the mass, can be done by heating the 
hadronic system to a high temperature (and/or by com- 
pressing the matter to a high density). To unravel the 
vacuum change induced specifically by temperature, ef- 
forts have been made to look at the properties of the 
vector mesons, i.e. p and w, in heavy ion collisions where 
the temperature could be raised to hundreds of MeV 
at which chiral restoration is predicted by QCD to take 
place. It was thought that the properties of the p (and 
w) meson inside strongly interacting media could be ef- 
fectively probed with dilepton pairs, which couple to the 
vector mesons and provide, free of final state interac- 
tions, a snap-shot of the vector meson propagating in the 
medium. Due to the mass shedding in a hot medium, 



one naturally expected to observe a downward shift of 
the invariant mass of the vector meson in the spectral 
functions. The measurement of dileptons, which is the 
classical tool for discovering new resonances in particle 
physics, is used to see how the known p resonance in free 
space moves in a hot medium. 

Several such experiments have been performed re- 
cently. For reasons which will become clear below, we will 
focus specifically on the NA60 [|J experiment, although 
our discussion applies to other dilepton measurements 
such as CERES, etc. What came out of the experiments 
so far performed is that no vector mesons affected by 
the vacuum change due to temperature and density as 
predicted by BR scaling are unequivocally "seen" by the 
dileptons. 

In this paper, using a set of arguments, some estab- 
lished and some conjectural, based on the structure of 
hidden local symmetry in low-energy hadronic interac- 
tions, we develop the scenario that dileptons emitted 
from the vector mesons whose properties are BR-scaled 
are strongly, if not completely, suppressed and the dilep- 
tons observed in heavy-ion experiments reflect on-shell 
behavior of the vector mesons only modified by the mun- 
dane nuclear many-body interactions Q but not by the 
change of the vacuum due to temperature and/or density. 
This means that if our scenario is correct, the BR-scaled 
vector mesons are almost, if not entirely, "invisible" to 
the virtual photon. As briefly commented in the conclu- 
sion section, a similar consideration - with a small vari- 
ation - could apply to dileptons produced in such cold 
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dense environments as expected to be provided at the 
future FAIR/GSI facility. 

We propose as a promising tool to unravel the chi- 
ral symmetry structure of hadronic matter a holographic 
hidden local symmetry framework in which the holo- 
graphic dimension allows, with a single 5D hidden local 
symmetry action, a unified description in medium of both 
mesonic and baryonic excitations treated on the same 
footing. Baryons emerge here as coherent states of pions 
and vector mesons which define the ground state or the 
modified "vacuum" on which fluctuating vector mesons 
undergo BR scaling in hot and/or dense medium. A con- 
sistent treatment along this line, yet to be made, could 
lead to a totally different picture from that currently ac- 
cepted of hot and dense baryonic matter. 

II. THE NOTION OF HADRONIC FREEDOM 

The key proposition in our work is that in a certain 
range of temperature (and density [J]) to be specified 
below between the critical T c at which a chiral transi- 
tion takes place and what we will call "flash tempera- 
ture" Tf < T c , all hadron interactions become weak, as 
a consequence of which vector-meson coupling to the vir- 
tual photon 7* is suppressed. This is associated, in a 
manner to be precisely specified below, with the "vector 
manifestation" (VM) phenomenon in hidden local sym- 
metry (HLS) developed by Harada and Yamawaki p|. 
We first briefly summarize the predictions of HLS as one 
approaches T c from below that is relevant to the problem 
at hand and then introduce as clearly as possible the no- 
tion of "hadronic freedom" that plays the principal role 
in our discussions. 



A. Hidden local symmetry in low-energy strong 
interactions 

We start with a brief sketch of the 5 dimensional hid- 
den local symmetry action that presumably encodes all 
low-energy hadron dynamics involving integer spin (0, 1) 
and half-integer (1/2, 3/2, ...) spin excitations treated 
on the same footing. One can arrive at an action of the 
same structure both bottom-up and top-down. 

The well-established theory for strong interactions at 
low energy is chiral perturbation theory for the (pseudo-) 
Nambu-Goldstone pions U = e 2 ™/^ the effective La- 
grangian of which has the form 

£ eff = ^-Tr(d,Ud^) + ■■■ (1) 

where the ellipsis stands for higher derivative and quark 
mass terms. At energies much less than the vector-meson 
excitation my ~ 800 MeV, when treated in a systematic 
expansion, this represents QCD Q. The validity of this 
theory is however highly limited to low energy, so if one 
wants to study the vector mesons whose masses are much 



higher than that of the pion, chiral perturbation theory 
with pions alone loses its power. The question is how to 
extend the model-independent approach to higher-energy 
scale. We will be particularly concerned with the situ- 
ation where the vector-meson mass decreases from its 
free-space mass my to one near the pion mass which is 
zero in the chiral limit Q. In our approach, this occurs 
at the chiral phase transition. This means that we will 
be dealing with the possibility - which will be realized in 
our model - that the vector meson mass becomes compa- 
rable to the pion mass and hence both the vector meson 
and the pion need to be treated on the same footing. 
This can be most readily done if one exploits local gauge 
invariance [1, H, . Seen from the holographic point of 
view, this is natural as we will argue below. 

The astute observation for our development is that the 
chiral field 

U = et e G/H (2) 

where ir denotes the Nambu-Goldstone (NG) bosons 
associated with the spontaneous breaking of chiral G 
symmetry to H with G = SU{N f ) L x SU(N f ) R and 
H = SU(Nf)v=L+R, nas & redundancy when written in 
terms of the coordinates for the L and R symmetries, 

U = e^ = & R (3) 

with 

&,R = e W^ e T-/^ ( [?r = n a T j 2 ^ a = ctVq /2](4) 

The redundancy can be elevated to a local gauge invari- 
ance by noting that the chiral Lagrangian built with U 
is invariant under the local transformation 

£l,r -> ft(af)^L,R (5) 

with h(x) € SU {Nf)y and introducing a gauge field p^ = 
p a ^T a /2 that transforms 

Pt , -> h(af)(p M - igd^W^x). (6) 

The field a represents the redundancy in the low-energy 
theory. Now when written in the lowest order in deriva- 
tives in terms of the covariant derivatives D^l.r = 
{dft — igPp,)£,L,R, the resulting local gauge invariant La- 
grangian C! \D fjfci, $i\ is identical to the chiral Lagrangian 
([T]) when gauge fixed to unitary gauge corresponding to 
cr = 0. One says that £ is "gauge-equivalent" to £ e ff- 
To elevate the energy scale from that of the current al- 
gebra scale to that of the vector mesons, one adds the 
kinetic energy term to make the field propagate, 

C HLS = C'[D^ L>R ] - l -Tr{p^ P n + ■■■ (7) 

The a can be identified with the Nambu-Goldstone (NG) 
scalars that emerge from the spontaneous breaking of the 
H symmetry and that are higgsed to give masses to the 
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vector mesons. This is hidden local symmetry theory 
proposed in [ll|, [12] and later quantized [f| that we shall 
refer to as HLSi. 

For our development, it is important that the notion 
of hidden local symmetry can be extended to an infinite 
number of hidden local fields. We suggest that HLSi is 
a truncated version of a hidden local symmetry theory 
with an infinite tower of vector fields. As such, HLSi can 
be viewed as a realistic model of QCD. 

It is clear from the construction of HLSi that there is 
nothing that prevents adding an infinite number of redun- 
dancies and construct a theory with an infinite number 
of gauge fields. There is of course the problem of non- 
uniqueness since the construction would lead to a large 
number of possibilities. One such construction which re- 
sembles the nearest neighbor interaction in condensed 
matter physics is the construction based on "theory-space 
locality" on lattice which in the continuum limit leads 
to a five-dimensional (5D) Yang-Mills action defined in a 
curved space [lH 

Sym = [ d 4 xdz^g—^—-Tv{F AB F AB ) + ■■■ (8) 

with A = 0,1,2,3,2. The ellipsis stands for higher 
derivative terms. Implemented with the Chern-Simons 
action Scs that encodes anomalies, this may be consid- 
ered as a "dimensionally deconstructed" QCD [l3| emerg- 
ing bottom-up from the current algebra Lagrangian. 
Note that this action contains not only the Goldstone 
bosons and spin-1 excitations but also baryons as instan- 
tons, i.e., coherent states of the Goldstone boson and 
vector mesons, all on the same footing. 

What is most intriguing is that a 5D YM action plus 
the Chern-Simons identical in form to the action ([8|) 
arises also top-down from string theory. Indeed an ac- 
tion of the for m (El) was recently constructed by Sakai 
and Sugimoto [14J using D4/D8-D8 branes valid in the 
limit that N c — > oo, A = g YM N c — > oo and in the chi- 
ral limit. Now reduced to four dimensions (4D) by the 
usual Kaluza-Klein procedure, the action can be phrased 
in terms of an infinite tower of vector and axial vector 
mesons describing U(Nf)i J x U(Nf)ji chiral symmetry 
which may be rewritten in a local gauge invariant form. 
We shall refer to the infinite-tower local symmetry the- 
ory as HLSoo. Various approximations enter in arriving 
at the 5D action such as for instance the "probe approx- 
imation" Nf/N c <C 1. But what is robust and generic 
is that low-energy hadron dynamics can be encapsulated 
in a hidden local symmetric action with an infinite tower 
of gauge fields. Notice however that Eq.(EJ) bottom-up 
is defined in the gauge sector whereas top-down is in 
the gravity sector. Generating a gauge invariant theory 
from a non-gauge theory as in the bottom-up approach 
does not lead to a unique theory and hence can be to- 
tally arbitrary unless constraints are imposed. On the 
other hand, the top-down approach is well-defined in the 
given limit but its UV completion is to a certain part of 
string theory which may have nothing to do with QCD. 



Furthermore, while the problem we are interested in in- 
volves properties that are intricately locked to the chiral 
order parameter, i.e., quark condensate, which changes 
with temperature and density, the large N c and A limits 
suppress the temperature and/or density dependence in 
the physical variables. One would have to calculate terms 
higher order in 1/N C . But that would require calculating 
string loop corrections in the gravity sector which is at 
present infeasible. For this reason, we are unable to look 
at vector meson masses as temperature increases since in 
the large N c limit, the masses do not move. Nonetheless, 
as we will see below, the infinite tower structure has an 
extremely important implication on vector dominance in 
hadron electromagnetic form factors and this feature is 
expected to play a crucial role in understanding dilepton 
production process in heavy ion collisions. 

Let us, for the sake of arguments, imagine that we 
have an HLSoo in which all pertinent l/N c and 1/A cor- 
rections can be included and which provides a realistic 
description of low-energy QCD. Assume further that as 
temperature is increased, only the lowest vector meson 
Pa = p(770) drops in mass while the higher lying vector 
mesons remain more or less unmodified. This is most 
likely very difficult to confirm, but it is plausible. In this 
case, we could imagine formally integrating out all vector 
mesons except po and write the resulting action as a suit- 
able power series in terms of covariant derivatives of the 
Po field to get a hidden local symmetric effective action. 
How to do this consistently has been proposed by Harada, 
Matsuzaki and Yamawaki [l5(. What results would be 
identical in form to the HLSi theory of [U 03] • This 
would justify HLSi as a potentially realistic model for 
low-energy dynamics in high temperature, particularly if 
the po mass does come down to that comparable to the 
pion mass which we will argue is what happens at high 
temperature in heavy ion collisions. As suggested in [5j, 
the local gauge symmetry plays a crucial role in treating 
this situation. 



B. The vector manifestation (VM) 

In free space at T = 0, the vector meson mass m Po can 
be taken to be very heavy compared to the pion mass, 
i.e., nipo/niir 3> I, particularly in the chiral limit. In 
this case, there are various different ways of introducing 
vector mesons - with or without local gauge symmetry 
- which arc all equivalent at tree order. The hidden lo- 
cal symmetry approach HLSi on the contrary takes the 
vector meson mass to be of the same order as the pion 
mass, that is, in the chiral power counting, 

m p ~ m OT ~ 0(p) (9) 

which is equivalent to taking the gauge coupling g going 
as 

9~0(p). (10) 



4 



In the framework adopted here where the p mass does 
decrease, it is very likely that this power counting holds, 
rendering chiral perturbation expansion justified in the 
vicinity of the chiral transition point T c where the vector 
meson mass goes to zero. But it is not obvious why it 
should hold in free space where m p /m w is not of order 
1. Somewhat surprisingly, however, it does turn out that 
chiral perturbation calculation including the vector me- 
son works fairly well in free space as shown in This 
indicates that the chiral perturbation which is justified 
in large N c describes the realistic N c = 3 world as an 
extrapolation. 

Given the systematic counting rule, one can then de- 
velop chiral perturbation. This was done to one-loop 
order flol ]. In the parameter space of g, and a — 
(Fa/Fn) 2 (quark masses should of course be additional 
parameters if we go beyond the chiral limit.), the renor- 
malization group analysis of HLSi theory to one loop 
order reveals a variety of fixed points. This reflects the 
well-known non-uniqueness of gauge symmetric theories 
constructed from non-gauge theories [l7|: local gauge 
symmetric theories can flow, unconstrained, to a vari- 
ety of different fixed points. In order to identify the flow 
to QCD among them, Harada and Yamawaki match a la 
Wilson the vector and axial- vector correlators of HLSi 
to those of QCD at a matching scale Am- The matching 
then determines the HLSi parameters (g,a,F v ) in terms 
of the QCD variables, namely, a c , iV c , (qq), (G^J) etc. 
that figure in the OPE of the correlators. 

Now when one imposes the condition that at the chi- 
ral phase transition characterized by (qq) = 0, the vec- 
tor correlator Hy equal the axial- vector correlator Ha ~ 
which is what one expects in QCD, one can identify the 
fixed point (denoted by bar) that corresponds to QCD, 
i.e., 

(g,a) = (0,1). (11) 

This point is called the "vector manifestation" fixed 
point Q. Although this fixed point is derived at one- 
loop order, it can be seen with a little effort that it is 
valid to all orders. The parametric pion decay constant 
F-x does not figure in the fixed point (jTTJ) because there 
is nothing special about the flow of F^, so at the fixed 
point, it does not have any special role as it remains 
non- vanishing. However the on-shell (physical) pion de- 
cay constant /„• which receives loop corrections A below 
the on-shell p mass, 

U = F n +A (12) 

should go to zero at T c because it must track the quark 
condensate. Note that this must occur by cancelation. 
What is important is that as T goes to T c |18] (and 
as density n goes to the critical density n c [19]), the 
hadronic matter flows to the VM fixed point (fTTj) . 

g* ~ (qq)* -> 0, 
(a*-l) ~ (qqy 2 ^0. (13) 



Here and in what follows the asterisk stands for temper- 
ature (or density) dependence. This means that the pa- 
rameters of the Lagrangian have an intrinsic dependence 
on temperature locked to the property of the condensate 
(qq). This has the key consequence that the parametric 
mass of the vector meson very near the VM fixed point 
behaves as [2(| 

M* 2 = a*F* 2 *g* 2 ~ (qq)* 2 , (14) 

so will go to zero. This is the statement of BR scaling 
sharpened by HLSi. 

Now what about the physical (or pole) mass of the 
vector meson m p in medium? For this one has to com- 
pute thermal loop terms which will necessarily involve 
the gauge coupling, so 

#2 * # 2 i-h * 2 . *2 j-) /ir\ 

m P = a 9 K + 9 B ( 15 J 

where B is a smooth function of temperature given by 
thermal loop corrections. As g* — > 0, both terms go to 
zero as ~ g* 2 , so that BR scaling should still hold for the 
physical mass. It is however to be noted that far away 
from the VM fixed point, there is nothing that suggests 
that the physical mass must be dropping according to 
BR scaling. In fact, it can go up or down or even remain 
more or less unchanged depending on the thermal loop 
corrections involving complicated many-body nuclear dy- 
namics. In order to "see" BR scaling in terms of HLSi in 
temperatures away from the VM fixed point, therefore, 
one needs to bring in baryons via topology in addition to 
the bosonic degrees of freedom that are present explic- 
itly. Such a calculation remains to be done. The same 
consideration holds in cold dense matter as discussed in 
the conclusion section. 



C. The hadronic freedom 

In the close vicinity of the VM fixed point, the inter- 
actions are likely to be weak since the gauge coupling 
goes to zero. The main reason for this is that in HLSi, 
the strongest interaction at low energy which is in the 
p-wave channel, i.e., the p channel, is suppressed by the 
vanishing g. Further, the s-wave tttt interactions are gov- 
erned by derivative interactions (in the chiral limit), so 
should be weak at low energy. There may be other de- 
grees of freedom not explicitly taken into account in HLSi 
- such as quasiquarks or possible scalars - but the quasi- 
quark interactions mediated by the vector mesons are 
also suppressed by the gauge coupling and quasiquark- 
pion interactions are derivative-coupled, so suppressed 
by the power counting. Thus it seems reasonable to take 
all hadronic interactions to be weak near the VM fixed 
point. Now how far down in temperature can one ignore 
the interactions? In principle, the intrinsic temperature 
dependence will be running as temperature is varied. For 
instance, the gauge coupling in the chiral limit will scale 
up from zero at T c to near its free space value at some 
temperature which we shall call "flash temperature" Tf. 
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Flash temperature Tf 

The flash temperature Tf can be defined following the 
work of Shuryak and Brown [21] of the STAR data [II]. 
Shuryak and Brown determined the flash temperature to 
be the temperature at which the p was 90% on-shell, 
namely, when the p mass is 700 MeV. Whereas the 
flash temperature is independent of the centrality, this 
is not the case for the freezeout temperature Tf reezeout . 
In fact Tf reezeout decreases as the centrality increases. 
Thus, given Tf reezeou t ~ Tf for peripheral collisions, 
Tf re ezeout < Tf for central collisions and during the time 
the system is between these two temperatures the pions 
from p and a± decay will be rescattered as it is no longer 
possible from their detection to work backward to the 
parent vector mesons. 

It is possible to pin down the numerical value of 
the flash temperature from lattice calculations. We 
shall extract this quantity from Miller's lattice calcula- 
tion [H, [24[ which we analyzed in (2f| . The result is 

T f fa 120 MeV. (16) 

How this result comes about can be summarized as fol- 
lows. As pointed out in [25| . in Miller's lattice calculation 
of the gluon condensate, the soft glue starts to melt at 
T w 120 MeV. The melting of the soft glue, which breaks 
scale invariance as well as chiral invariance dynamically 
and is responsible for Brown-Rho scaling, is completed 
by T c at which the particles have gone massless accord- 
ing to the VM. One can see that the gluon condensate at 
T ~ 1.4 T c is as high as that at T ~ T c . This represents 
the hard glue (or "cpoxy" ) which breaks scale invariance 
explicitly but has no effect on the hadron mass. We 
see that the melting of the soft glue is roughly linear, 
implying that the meson masses drop linearly with tem- 
perature. [24j 

How the (bare) parameters of the Lagrangian scale in- 
trinsically in temperature (and/or density) is not quan- 
titatively known except in the very close vicinity of the 
VM fixed point. In the absence of guidance, theoretical 
or experimental, we take, as the first step, the simplest 
scenario which is to ignore interactions entirely between 
the chiral restoration point T c and the flash point Tf and 
let the relevant massless degrees of freedom coming down 
from above T c [26] flow without interactions as the sys- 
tem cools to Tf . We then assume that hadrons go (nearly 
free-space) on-shell at Tf recovering their (nearly) full in- 
teraction strength and free-space mass. Corrections due 
to increasing temperature as one approaches Tf - involv- 
ing both the intrinsic dependence and the thermal loops 
- need of course to be computed at the next stage of re- 
finement. This region between T c and Tf will be dubbed 
"hadronic freedom regime." [27J 

We must admit that the notion of hadronic freedom 
is a strong assumption which needs to be confirmed. At 
present, there are no theoretical tools to check this notion 
in unambiguous ways. As pointed out below, it could be 
validated or refuted by experiments. All we can say at 



the moment is that while there are indirect evidences for 
it, there are no "smoking gun" evidences against the no- 
tion of hadronic freedom either. What we propose to do 
in this article is to posit the hadronic freedom and then 
see how far we can go in confronting nature. We will then 
present our interpretation of its consequence on dileptons 
in heavy ion collisions. Our scenario, which is drastically 
different from the conventional scenario, has the merit 
of providing a possible, albeit indirect, link between the 
manifestation of BR scaling in low-energy nuclear struc- 
ture physics - some of which will be mentioned in the 
conclusion section - and possibly direct manifestation or 
precursor effects in heavy ion processes. 



D. Vector dominance and infinite tower 

In considering dileptons in heavy ion collisions, it is 
customarily assumed that vector dominance holds in 
medium at all temperatures and densities. In HLSi, 
vector dominance does hold in free space but not in 
hot/dense medium. In fact, vector dominance is violated 
at T — T c , with a drastic effect on dileptons in hot/dense 
medium. We briefly review how this comes about and 
then discuss what happens in the presence of the infinite 
tower of vector mesons figuring in holographic QCD that 
follows from gravity/gauge duality in string theory. We 
believe that the infinite tower structure encoded in the 
holographic direction which treats both mesons (spin 
and 1) and baryons on the same footing, when 1/N C cor- 
rections are suitably handled, could ultimately clarify the 
behavior of hadrons in high temperature and/or density. 




(a) (b) 

FIG. 1: Leading contributions to the electromagnetic form 
factor of the pion. (a) direct ^tt-k and (b) yirn mediated 
by p-meson exchange. In terms of HLSi Lagrangian, (a) is 
proportional to (1 — a/2) and (b) is proportional to a/2. 

In HLSi theory, the photon couples to the charged 
pion as in FigfTJ (a) direct 77T7T with the coefficient 
(1 — a/2) and (b) 77T7T mediated by p- meson exchange 
with the coefficient a/2. It turns out that a = 2 in 
medium-free (T = n = 0) space which gives the KSFR 
relation correctly. This value completely suppresses the 
direct photon coupling FigQJa), giving full strength to 
FigfUb). This is the famous lowest vector- meason dom- 
inance (LVD for short) of the pion form factor, i.e. p- 
meson dominance in Sakurai's sense [28]. Note however 
that a = 2 is not on the trajectories of the renormal- 
ization group equation for a, so it is in some sense an 
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accident [29(. Thus unsurprisingly, this LVD is violated 
- in fact "maximally" - as T — > T c : As a approaches 
1, the direct coupling enters with the same strength as 
the vector exchange term [l8, 30]. This violation of LVD 
is argued below to be largely, if not wholly, responsible 
for the suppression of dileptons in the hadronic freedom 
regime. 

An interesting possibility is that we might be able to 
understand the violation of LVD in HLSi in terms of the 
infinite tower in HLSoo. In the gravity /gauge dual model 
of Sakai and Sugimoto (SS) [lj] which has the correct 
chiral symmetry structure of QCD, the pion form factor 
is vector dominated by the infinite tower: 



F (<Z 2 ) = £ 



9 Pn 9 Pn 



71=0 P>> 



9pn 



where 



9 Pn 



(17) 



(18) 



Pn 



and g Pn and g Pn -n-n represent respectively the 7-p n cou- 
pling and the p„-7T7r coupling. These couplings are de- 
termined in the large N c and A limit by the equations of 
motion for the p n fields integrated over z (the fifth co- 
ordinate) which represents energy spread and are fixed 
once N c — 3, / w and the Kaluza-Klein (KK) mass Mkk 
are taken from the meson spectra. 

At the photon point q 2 = 0, one has the charge sum 
rule for the charged pion, 



F(Q) = 1 = ^ £n9 Pn ™ = £, £ 



n=0 



n=0 



where we have used the observation [LJ, |3l| that 

9 Pn 



0.272 ± 0.001 = £ 



(19) 



(20) 



"Pn 



which holds for n — 0, 1, 2, 3. We have no proof but we 
will assume that it holds for all n. A surprising result 
obtained by Sakai and Sugimoto is that the sum rule 
(p~9|) is saturated by the lowest four p's, i.e., p n with n = 
0,1,2,3, 



F(0) = 1.31 - 0.35 + 0.05 - 0.01 = 1.00. 



(21) 



There is a tantalizing empirical evidence that this sum 
rule is satisfied in r decay 32j. We will return to this 



observation later in connection with multi-pion-photon 
coupling. 

It should be noticed that the formula in Eq. (fT7)) is 
obtained by using the equations of motion for the vec- 
tor meson fields. Thus the sum rule Eq. (f2"Tj) holds only 
when the couplings have no appreciable momentum de- 
pendence. Furthermore, l/N c corrections which are ex- 
pected to be important in the time-like region may not be 
negligible here. Actually, as shown in Fig. 2 of Ref. [33|, 
the experimental data of the pion form factor are well fit 



in the time- like region by the one obtained in the HLSi 
with only the p n =o contribution, in which a ~ 2 is used 
and about 10% momentum dependence is added to g p to- 
gether with an appropriate 1/N C correction to the width. 

To understand the potential role of the higher members 
of the tower in the form factor, it is convenient to separate 
the form factor (fT7|) into "low" and "high" components 
as 



F(q 2 ) = F low (q 2 ) + F hlgh {q 2 ) 



with 



F low (q 2 ) 



E 



g Pn 9p„ 



m„ 

Pn 



2 _ q 2- 



(22) 

(23) 
(24) 
3. Now for 

low \q 2 \ ^TOo("77 -p we can drop q 2 in F hl9h ([2~4")l and find 



\ * 9 Pn9 pnTTT 

' m 2 — q 2 
i=k+i P" y 



The sum rule (|2T|) suggests that we take k 

l p(770) 



from d2U) 



phighfqt\ 



\ 9p n 9pn^^ 

' m 2 

n=3 Pn 



0. 



(25) 



Our conjecture is that the statement a — > 1 as T — > T c 
is tantamount to the statement that in HLSoo the higher 
tower members for n = 4, oo in the large N c limit and 
those for n = l,...,oo with l/N c corrections included 
figure "maximally" . How the infinite tower figures in the 
nucleon EM form factor is illuminating in this connection. 
As discussed in [3l|, the VD in the nucleon form factor 
is violated in HLSi. In fact, it is described rather well by 
a ~ 1 in Fig[T]with the pion replaced by the nucleon field. 
In HLSoo, the higher members of the tower are found to 
play the role of the point-like coupling of HLSi [H|. 

Unfortunately the conjecture cannot, at present, be 
verified in the SS model. In HLSi, it is the vanishing 
of the quark condensate as (a — 1) cx (qq) 2 — > that 
"kills" the point coupling. However it is known that the 
quark condensate has no temperature dependence in the 
large N c limit. This suggests that to verify the conjec- 
ture, 1/N C corrections are needed: Although a part of 
the 1/N C corrections could be included by hadronic loop 
corrections in the gauge sector [l5[ , certain 1 /N c correc- 
tions in the gravity sector - so far inaccessible - may give 
important contributions. 



III. SOME CONSEQUENCES THAT FOLLOW 
FROM THE HADRONIC FREEDOM 



In this section, we address how our approach based on 
the hadronic freedom in HLSi fares with experiments in 
heavy ion collisions. Our attitude here will be as follows. 
We posit the hadronic freedom together with BR scaling 
that we infer from HLSi as the premise of our approach 
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and discuss the implications on a variety of processes 
that can be accessed by the approach. We will first treat 
the cases where our approach can make clear statements 
and then present what can be said about the dileptons in 
heavy ion collisions that have been controversial in the 
literature such as the NA60 data etc. 



A. The STAR p°/n~ ratio 

As a case where the notion of the hadronic freedom 
makes a simple prediction, we recall how the STAR 
p°/ir~ ratio (STAR ratio for short) [34] can be under- 
stood. 

In a recent experiment, STAR collaboration has recon- 
structed the p-mesons from the two-pion decay products 
in the Au + Au peripheral collisions at ^snn = 200 
GeV. The ratio found was 

^Istar = 0.169 ± 0.003(stat) ± 0.037(syst), (26) 

TT 

almost as large as the p° /tt~ = 0.183 ± O.OOl(stat) ± 
0.027(syst) in proton-proton scattering. The near equal- 
ity of these ratios was not expected, in that the p meson 
width r ~ 150 MeV in free space is the strongest meson 
re-scattering that one has. For instance, at SPS one needs 
about 10 generations in order to get the dileptons [35| . 
Furthermore, if one assumes equilibrium at the freeze- 
out, then the ratio is expected to come to several orders 
of magnitude smaller, say, p~4x 10 -4 [36| . 

There may be a variety of explanations for this ob- 
servation, some of which are along the standard line of 
thought from which our scenario appears to depart dras- 
tically. What distinguishes the result that follows from 
the hadronic freedom - which turns out to come out con- 
sistent with the experiment (|26|) - is that the mechanism 
is extremely simple if one assumes that the p 0, s are recon- 
structed at the flash point at which the p meson emerges 
from the hadronic freedom regime going through only 
one generation from T c . We should however stress that 
no claim is made here that the proposed mechanism is 
either unique or the only viable explanation. It is just 
that our scenario has the merit to be simple and con- 
sistent within the proposed framework anchored on the 
hadronic freedom and the vector manifestation of HLSi. 

This matter was discussed in [37j to which we refer for 
details. Here we review it briefly for the sake of making 
our arguments self-contained. 

The key point in our scenario is that because of the de- 
creased width due to the hadronic freedom, the p meson 
is assumed to go through only one generation before it 
freezes out at the flash point in the peripheral collisions 
in STAR. There will be no equilibrium at the end of the 
first generation. 

As the plasma decreases in temperature towards T c 
from above, lattice gauge calculations [38[ show a set of 
32 SU(4) degenerate vibrations [39j : scalar, pseudoscalar, 
vector and axial vector, i.e., the set of degrees of freedom 



that figure in Weinberg's mended symmetry at the chiral 
transition point [40( • The widths become large as T — > T c 
from above. [4lJ We connect these with the SU(4) group 
of mesons, including the p of the HLSi vector manifes- 
tation, becoming massless (except for a small spin-spin 
interaction effect) as T moves up to T c from below. Aside 
from the background rj and u>, these 32 mesons decay as 
they go on shell to give 65 pions (three of them being 
already present in the 32 St/ (4) mesons) [H, |43j]. Thus, 
taking the 22 tt~~ mesons and subtracting 3, which are 
traced back to the vertex inside the plasma where the p° 
was formed, one has 



P_ 



22-3 



0.16 



(27) 



in agreement with the experiment. As noted, this num- 
ber is about the same as the p° /tt~ ratio measured in pp 
scattering. However, the vacuum p has a width of 150 
MeV so its lifetime is only S/150 ~ 4/3 fm/c and in pro- 
ceeding from T c to the flash point where the p goes on 
shell, which we shall find to be at ~ 120 MeV, were the 
interactions unsuppressed, there would be several gen- 
erations of p — > 2tt — > p, whereas our estimates show 
that there are none; the p's move from T c to Tf without 
interaction. Thus had the p possessed its on-shell mass 
and width with ~ five generations as in the standard sce- 
nario, the A- ratio would be closer to the much smaller 
equilibrium value. 



B. Dense matter 

There are certain consequences of the hadronic free- 
dom that are more prominent in dense matter than in 
hot matter. Since dilepton experiments involve density 
in addition to high temperature, some of them need to 
be explained. 

One of the most important applications of the notion of 
the hadronic freedom is to the role of kaon condensation 
in compact stars. A recent publication addresses this 
matter in conjunction with black-hole formation and a 
possible cosmological consequence 

While the phase structure of dense matter is not well 
understood, the first important phase change that can 
take place in dense matter above the nuclear matter den- 
sity no and that can be treated reliably thanks to the 
VM is kaon condensation at a density ~ 3no- This phase 
transition is considered to be responsible for the ulti- 
mate fate of compact stars, e.g., the formation of stable 
neutron stars or collapse into black holes [44|. It takes 
place because of the decrease of the kaon mass and the 
increase of the electron chemical potential at increasing 
matter density: Matter density drives the mass of the 
kaon downwards and the electron chemical potential up- 
wards so that they cross in the hadronic freedom region 
between n c and the flash chemical potential jif. The 
dropping gauge coupling [l9| and the rapid approach to 
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a = 1 in dense medium [45| enable one to reliably cal- 
culate the mass of the kaon as a function of density in 
the vicinity of the VM fixed point and hence determine 
the critical density. This phenomenon has a far-reaching 
consequence on the physics of compact stars. What is 
important for our problem at hand is that when matter 
density is present, the vector dominance is more rapidly 
violated than in temperature alone. This is highly rele- 
vant in our picture in NA60. 



IV. DILEPTONS 

We now apply the hadronic freedom picture to dilep- 
tons produced in relativistic heavy ion collisions. Our 
conclusion will be that if the hadronic freedom picture is 
correct, then the dileptons produced from the p mesons 
populating the interval between T c and Tf are strongly 
suppressed and hence the measured dileptons do not pro- 
vide a direct snapshot of the properties of the vector 
mesons that are BR-scaled. 



have 



F 2 p {s) 



(31) 



where /* is the in-medium decay constant of the longitu- 
dinal component of p (see Eq.Q). Note that f* 2 includes 
both elementary hadronic and thermal loop corrections. 
It is related to the in-medium p-7 coupling g* as 



#2 * 2 P s|a 2 

9 P = m p f a 



(32) 



Setting s — m* at the in-medium pole position, we 
get for the spectral function 



5R(s = m* ) 



9p_ 

"P P 



(33) 



In terms of the leptonic decay width which is given by 

(34) 



47ra 2 gf 



we have 



A. The spectral function near the VM fixed point 

Consider first the thermal p spectral function in HLSi 
theory in the close vicinity of the VM fixed point ap- 
proached from below. We shall show that depending 
upon whether the p width is vanishing or non- vanishing, 
one gets a completely different result for the spectral 
function 5ft. 

Suppose that we have a renormalized p propagator in 
the form 



dm 2 ) = 



-1 



with 



q* — m 



* 2 71 2 

m p = M p 



q 2 n 



R 



(28) 



(29) 



where M* is the mass parameter with intrinsic tempera- 
ture dependence in the HLSi Lagrangian given by (fl4"]) . 
R is the real part of the self-energy and T* is the width 
coming from the imaginary part of the self-energy. The 
asterisk stands for an in-medium quantity. To make the 
discussion more general than HLSi, we will suppose that 
the self-energy term could contain contributions from de- 
grees of freedom other than just p and 7T. For instance, T* 
could in principle contain many-body effects such as col- 
lisional width, involving baryonic excitations. The spec- 
tral function relevant for the dilepton spectrum at a fixed 
T (including T > Tf) is expressed by the imaginary part 
of the vector current correlator as 

ft = lmGv(q 2 = s) = Im [F*(s)D p (s)] (30) 

where F p (s) is the p decay constant which in general will 
have an imaginary part. Ignoring the imaginary part, we 



(35) 



where we have neglected certain numerical factors such 
This shows that the behavior of the spectral 



as 



function depends on the properties of both the leptonic 
and hadronic widths. 

Let us see what happens when one approaches the chi- 
ral transition point at which g* = f* = f* = 0. For this, 
we look at Eq. ([33]): 



* 2\ 

m p ) cx 



(36) 



where we have used m* ~ g* near the fixed point. We 
need to know (a) how g* and /* approach the fixed point 
and (b) more crucially the behavior near the fixed point 
of the hadronic width T*. In HLSi, it is established that 
g* cx (qq) — ► but how /* (or /*) behaves in terms of 
the quark condensate is not known. It is because it goes 
to zero at the fixed point by the cancelation between the 
intrinsic term F* and thermal loop corrections, both of 
which are not zero. 

Suppose for the sake of argument that the in-medium 
pion decay constant goes as /* ~ g*. Then the behav- 
ior of the spectral function will be entirely dependent 
on whether the hadronic width vanishes or not. If it 
is non-vanishing, then the spectral function will go to 
zero. However if it vanishes, how it vanishes will matter. 
Within HLSi, we expect T* ~ g* 2 . In this case the spec- 
tral function will be singular. This would be the case if 
leptons decoupled from the p after hadrons (e.g., pions) 
did. If this case holds, then the quantitative estimate 
made on the suppression factor discussed in section IVl 
would have to be taken with caution. 
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In reality, the situation is not at all clear. First of 
all, there is the threshold mass required by the lepton 
mass (as in NA60) which prevents the approach to the 
fixed point. Furthermore there can be several elements 
or mechanisms that are not encoded in HLSi at the per- 
turbative level which can intervene to modify the picture. 
We have already mentioned, among other things, the pos- 
sible role of the infinite tower implied by holographic dual 
QCD, the solitonic degrees of freedom (e.g., collisional 
broadening), Hagedorn excitations etc. This moans that 
we cannot simply take the HLSi result mentioned above 
at its face value. Now given our ignorance of the variety 
of mechanisms that could possibly invalidate the simple 
HLSi prediction, we choose to accept the experimental 
indication, described in section [Vj that no dileptons are 
observed from the p mesons living in the temperature 
interval between T c and Tf that we are identifying with 
hadronic freedom. It would of course be extremely inter- 
esting if future experiments did exhibit a sharp peak at 
a low dilepton invariant mass. It would provide an evi- 
dence for the validity of the simplest picture of HLSi and 
of the vector manifestation fixed point. It would however 
falsify the role of the assumed hadronic freedom on the 
strong suppression of the dilepton coupling to the vector 
mesons in the given temperature (and density) range. 



B. Suppression of dileptons in the hadronic 
freedom 

Although similar arguments apply to other dilepton ex- 
periments (such as CERES, PHENIX etc.), we will focus 
here on the conditions that are met in NA60. 

There are several sources in NA60 for the dimuon sup- 
pression in the hadronic free region in temperature from 
T c to Tf as well as in density from n c to nf. In this 
region, the p meson decay to a lepton pair is suppressed 
both in the EM sector and in the hadronic sector. No- 
table among the possible suppression mechanisms are: 

1. VD violation: In the EM sector, the maximal 
violation of VD discussed above reduces the p — > 

decay rate by a factor of 4. This reduction sets 
in more quickly in the presence of baryonic matter 
as mentioned in section IIIC. 

2. Wave function suppression: At the VM fixed 
point, the transverse p decouples from the vec- 
tor current as the gauge coupling g goes to zero. 
If we were to consider in terms of the quasi- 
quark picture, this would imply, in the hadronic 
sector, the suppression of the bound zero-mass 
quasiquark-quasiantiquark wave function of the p 
meson, |5 , p (0)| 2 . This effect is encoded in HLSi 
theory by the suppression of the 7p coupling which 
gives a factor of ~ 2 reduction. 

3. Phase space suppression: Because of the drop- 
ping gauge coupling g, a « 1 and the dimuon 



threshold mass of 210 MeV, the phase space for 
the decay is suppressed by a factor ~ 2. This ef- 
fect is not entirely orthogonal to the wave function 
suppression effect as explained below. 

These mechanisms will give a suppression factor relative 
to the standard picture [46| of the dileptons of ~ 10 in 
the hadronic freedom regime where the BR scaling effect 
is to be operative in HLSi theory. 
We elaborate on these points. 

1. VD violation 

The violation of VD comes about by a* going to 1 in 
hot/dense medium. Although one should perform the 
renormalization group calculation to find a* in terms of 
temperature as well as density - such a calculation has 
not been done yet, there is a strong indication that a* 
goes rapidly from 2 to 1 in hot/dense medium. One can 
see in the work of Shuryak and Brown [21] that this drop 
is sudden, at T w 120 MeV, with increasing T. In the 
presence of density, it should drop even faster as argued 
in section IIIC. Therefore, we assign a* = 1 to the re- 
gion from ~ 120 MeV to ~ 175 MeV. This gives the 
suppression factor of about 4. Moreover, there will be 
dileptons coming from the direct ^tttt coupling that have 
nothing to do with the in-medium properties of the p me- 
son. These should contribute a roughly constant back- 
ground to the total dilepton yield. Note that the range 
of p-meson energies is to 700 MeV, so that we are dis- 
cussing p-mesons with energy below the on-shell p-mass 
of 770 MeV. Therefore, we should look to the low mass 
part of the spectrum. 

2. p wave function suppression 

There will be further hindrance for the dileptons which 
come through the p meson on the hadronic side, because 
the dileptons are similar to a photon, to the extent that 
their masses are small compared with their invariant en- 
ergy, so that there is an approximate factor 

F=|W(0)| 2 (37) 

(where ?p p is the p wavefunction) of the probability of 
the off-shell p meson being at its origin. This gives rise 
roughly to a factor of 2 reduction. This can be seen in 
HLSi as follows: The photon couples to the p with the 
coupling ~ a*g*F* 2 which goes to zero when the VM is 
approached, i.e., g* — > 0. The vanishing of the photon 
coupling manifested in the vanishing gauge coupling rep- 
resents the vanishing of the p wave function at the origin, 
|Vv(0)|m*=o = 0, when the mass goes to zero. What is 
relevant to us is the pion-loop medium correction 6 to 
the 7/9 coupling g lp 

g; p a*g*(l + 6) 



10 



with F* /F-k w 1 . The density dependence of (5 has not yet 
been computed in HLSi but its temperature dependence 
has been computed perturbatively in Ref. (33l |: 



S(T = T f ) 
6{T = T c ) 



-0.2, 
-0.4 



(39) 



for T f re 120 MeV and T c » 175 MeV. This increases 
the reduction factor by an additional factor ~ 1.6 — 2.8. 
Given that the density effect is not included in the loop 
correction, it seems reasonable to take the resulting re- 
duction factor to be ~ 2. 

We have to stress here that the estimates (|39l) were 
made in perturbation theory with HLSi Lagrangian with 
p and 7r only, so may not be reliable in the vicinity of the 
phase transition point. There may be non-perturbative 
effects which require going beyond the chiral perturbative 
approach to HLS theory. Furthermore, the drastically 
simplified HLS structure with the ground state vector 
mesons only may be inadequate in describing dynamics 
near the phase transition. As mentioned above, such 
degrees of freedom as the infinite tower of vector mesons 
encoded in holographic QCD, baryonic excitations via 
solitons (i.e., skyrmion or instanton) etc. might play a 
crucial role. 



3. Phase space suppression 

One can arrive at a similar reduction factor from the 
phase space consideration which seems to have a par- 
tial overlap with the wave function suppression consid- 
ered above. Integrating the contribution from potentially 
BR-scaling p mesons down from T c , we first find that the 
integral begins at 2to p ~ 210 MeV, because the muon 
masses must be furnished, and then continues down to 
the nearly on-shell p mass of ~ 700 MeV, the remaining 
10% to put t he p completely on shell coming from the ki- 
netic energy [2l| . However, in our scenario, the p masses 
are essentially zero [47j at just above T c [2y| behaving as 
if they have a quark substructure of two massless quarks, 
coupled to a massless p. In the integral going down from 
T c the integrand, beginning from zero at 2rn M , would be 
expected to increase as the p goes back towards the value 
of the on-shell p because of the effect on ^ p ^ p (0) from the 
increasing correlations as the p goes on shell. It seems 
reasonable to approximate the entire effect of tpp^ p (0) by 
a linearly increasing function which starts from zero at 
2m p and goes to 1 at T = Tfl as h = 120 MeV, where the 
p mesons go on shell. This will cut the dileptons that go 
through the p spectral function down by a factor of ~ 2. 



V. DILEPTONS "SEEN" IN THE EXPERIMENT 

We have argued that the dileptons produced from the 
p mesons between T c w 175 MeV and Tf w 120 MeV are 
strongly suppressed. The question then is: What are the 



dileptons observed in NA60 (and also in CERES)? We 
suggest that the answer to this is that they are almost, 
if not entirely, produced outside of the hadronic freedom 
region, namely, at the flash temperature Tf. We present 
arguments to support this suggestion. 



A. Dileptons in the vicinity of the p(770) 

For our purpose, we consider most useful the article on 
radial flow of thermal dileptons by R. Arnaldi et al. [48| . 
In Figj2] is reproduced their plot of the T c g obtained in 
an effective theory along the line of flow, which produces 
a blue-shifting 



T e s = 



1 + 
1-/T 



T 



(40) 



and in which the Boltzmann factor m is replaced by m± , 
the mass perpendicular to the flow. Here refers to the 
flow. Since the flow develops only late, after the hadrons 
have gone on shell, the amount of blue shift tells one 
about how late the hadrons emerge [49|. By disentan- 
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FIG. 2: Out of the blue-shifted hadrons, the dileptons from 
the p are shifted the most. They are reconstructed on the 
(steepest) dashed line. Between the dashed and solid lines, 
the ui, (f> and rj will flow somewhat less than the p's, but 
nonetheless are blue shifted. The T e g for the p has 300 ± 
17 MeV for the peak, and 231 ± 7 MeV for the underlying 
continuum in the window 0.6 < M < 0.9 MeV. Reproduced 
from Fig. 4 of [4§ |. 



gling the peak from the continuum Arnaldi et al. find 
T cff = 300± 17 MeV for the peak and 231 ±7 MeV for the 
underlying continuum in the window 0.6 < < 0.9 

MeV. The latter is suggested as coming from the T], u>, 
and 4>, which freeze out earlier due to their smaller cou- 
pling to the pions, the latter producing the flow. Note 
that in our scenario, the lu and 77 are included in the 
SU(4) of particles which go massless at T c . 

The p-meson that has been reconstructed as the peak 
on the broad continuum is shown in Fig. [3) We 
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can interpret this as the p meson that emerges from the 
hadronic free region and goes on-shell at the flash point. 
To confirm the validity of this interpretation, let the peak 
height at the on-shell mass m p — 770 MeV - which fixes 
the normalization - be denoted by D which we take to be 
D « 620 x 10 3 from Fig. [3l We take the quantity given 
by Fig. [3] to be of the form 

FigM=DF(M^)(j^j (41) 

where M ptl is the dimuon invariant mass and F is the 
relativistic form of the Breit-Wigner formula, 

Let us see whether Fig. [3] coincides with or deviates ap- 
preciably from the spectral function of the on-shell p with 
the free-space p width T p — 150 MeV. This can be eas- 
ily checked. Taking M w = 400, 600 and 780 MeV in 
Eq. S2 we find, in units of 10 3 , 153, 202 and 593 re- 
spectively. These are essentially what's given by Fig. [3j 
i.e., 160, 260 and 600. Thus modulo the normalization, 
the p°'s in the flow are all on-shell p's unaffected by the 
medium. There is evidence for neither BR-scaling p s 
nor p s with broadened widths. 



x10 3 
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FIG. 3: The on-shell p reconstructed by NA60 assuming 
Tf r eezeout = 110 MeV and m± scaling across the p resonance 
(not very sensitive). Reproduced from [50l |. 



So far we have not considered explicitly what a\ 
mesons can do. Dusling, Teany and Zahed [5l| fit well 
the part of the dilepton spectrum below the p meson 
mass around M = 500 MeV by invoking effects from the 
ai meson at 1260 MeV. In our scenario, the a\ meson 
makes up part of the 32 degrees of freedom, massless at 
T c , that are flowing without interactions from T c down 
to Tf. At Tf, the <zi, having an immense on-shell width 
of ~ 200-650 MeV, suddenly goes on shell, changing into 



a p + 7T. This p joins the flow. This contribution which 
doubles the effective number of p°'s at Tf is included in 
our scenario in the normalization of Fig. [3J The a\ effect 
of Dusling et al. could however figure in our scenario out- 
side of the hadronic freedom regime and outside of the 
flow as mentioned below. 



B. Dileptons below the p(770) peak 

Let us now turn to how one can understand the dilep- 
tons that contribute to the spectral function below the 
free-space p mass. The principal thrust of this paper 
was that the bump near ~ 770 MeV is populated pre- 
dominantly by near-on-shell p's that are separated by 
the blue-shifting in the effective thermodynamics flow, 
and that in the invariant mass region below ~ 770 MeV 
in which BR scaling vector mesons should be present, 
the photon coupling is highly suppressed in accordance 
with the hadronic freedom. As a result, those dileptons 
produced by mundane mechanisms, i.e., "background," 
should dominate the spectral function, masking more or 
less completely BR-scaled vector mesons. We suggest 
that the most likely mechanism that produces the dom- 
inant component of the "background" is pions in heat 
bath in strong interactions that populate at or just be- 
low the flash point with the Shuryak-Brown kincmatical 
effects taken into account. 

Our basic premise is that in the hadronic freedom sce- 
nario, all hadrons, including pions, flow freely from the 
critical temperature to the flash point in a time of J> 3 
fm/c. (As mentioned, pions will also be weakly interact- 
ing like other hadrons, because the hidden gauge coupling 
g - which governs the p-wave irir interaction through p 
exchange - is small.) In this regime, the photon has a 
direct coupling to a pion due to the violation of vector 
dominance with a ~ 1 - which would reflect the presence 
of the vector manifestation - but relatively few leptons 
are expected to be produced by the pions in that regime. 

Reaching the flash point, however, all hadrons making 
up ~ 32 degrees of freedom going on-shell, with the hid- 
den gauge coupling regaining its free-space strength, will 
produce dileptons with the vector dominance recovered 
with a going to 2. The vector mesons produced in the in- 
teractions at the flash point will go into flow and appear 
at on-shell mass. 

Now in the central collisions, the freezeout tempera- 
ture is lower than the flash temperature, so the hadrons 
which go on shell at the flash temperature go several gen- 
erations before they freeze out at Tf reezeout . The large 
number of pions present between Tf and Tf reezeout - not 
in the flow - will interact strongly producing, among oth- 
ers, copious p 0, s which will emit the lepton pairs. These 
p°'s, interacting strongly in medium, will develop widths 
that are due to conventional nuclear interactions - in- 
cluding "sobars" [52j - in the form of the p self-energy. 
These will populate the invariant masses below the p(770) 
peak. The afs so produced could also emit dileptons a la 
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Dusling et al. We suggest that most, if not all, of what's 
calculated in the references [U HH belong to this class 
of contributions which have nothing to do with what's 
happening in the hadronic freedom regime. 

If one considers the infinite-tower structure of HLSoo, 
there can be additional sources for dileptons of lower 
invariant mass. Let us consider how the higher mem- 
bers of the tower can contribute to the dilepton produc- 
tion. Let us first look at their contribution in the process 
7r + 7r~ — * (I = jit, e). The relevant graph is given by 
Fig. [U This is given by the form factor (fT7|) separated 
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FIG. 4: Dilepton (I — e, p) production by 7r + 7r~ annihilation 
in heavy ion collisions involving the infinite tower of vector 
mesons p n n — 0, 1, 2, oo 



into two components as (j2"2")l . Here we are dealing with 
the time- like regime for which 1/N C corrections need to 
be included. Let us imagine that they can be calculated. 
Then they will give both real and imaginary parts. The 
real part will shift the masses and the imaginary part will 
give the widths. We expect that the low-mass component 
will essentially give the Breit-Wigner form 



F(M» + ,_)« 1 



1 - (M A1+M -/m p(770) ) ; 

r p/ m p(770) 



(43) 



with the free-space p width T p = 150 MeV. As for 
F hlgh , we can ignore the self-energy correction and \q 2 \ = 
Mu+u- which are expected to be much smaller than the 
higher-tower vector-meson masses in (|24p and find that 
due to the charge sum rule, Eq. I|25p applies to the form 
factor in the time-like regime. It may be possible to jus- 
tify this argument with the time-like form factor obtained 
from the r decay measurement mentioned above [Hj]. 
Thus essentially the high tower does not affect the struc- 
ture that is obtained in HLSi with a = 2 in the time-like 
regime as in the space-like regime. 

What we have shown above is that the 27r contributions 
to dileptons are constrained by the pion charge sum rule 
involving the infinite tower of vector mesons in hQCD. 
However there are no such constraints for multi-pion con- 
tributions. Specifically in HLSoo, 2riTr for n > 1 can con- 
tribute importantly via higher p n 's. Of course there is 
the threshold effect so that the 47r contribution will be 
lower-bound by ~ 560 MeV. In fact there is indication 
that 47r — ► e + e~ receives substantial contributions from 
p(1450) and p(1700). This indication comes from a recent 
analysis of the available CMD-2 and BaBar data imple- 
menting the three lowest members of the tower and a\ 



mesons 54|. The complete vector dominance structure 
of hQCD is not present in the analysis of (54[, so it is 
not obvious what the infinite tower structure will do in 
heavy ion processes. We expect that such four-pion con- 
tributions mediated by higher members, if present, could 
make non-negligible contributions to dileptons with in- 
variant masses ^> 560 MeV. 



VI. COMMENTS AND CONCLUSIONS 

Brown-Rho (BR) scaling was a prediction based on 
effective field theory, not a hypothesis or a conjecture 
as often stated, in a phenomenological attempt to build 
the main feature of chiral invariance, the behavior of 
the broken chiral symmetry which gives hadrons, other 
than the pion, masses. A great deal of activity had 
been spent in the years preceding BR scaling to intro- 
duce quarks as substructure of the hadrons into nuclear 
physics. Whereas there were some successes, such as in 
the chiral bag model, color transparency, etc., there was 
not a broad theoretical basis for the many-body prob- 
lem. A local field theory that did just that by match- 
ing to QCD was introduced by Harada and Yamawaki 
in HLSi which gave the first effective field theory sup- 
port for BR scaling. BR scaling also came out naturally 
in strong-coupling lattice gauge calculations in the large 
1/d expansion (where d is the number of space dimen- 
sion) [551 ]. 

The original idea of BR scaling was that in medium, 
because of background density or temperature which af- 
fects the "vacuum" structure, hadron masses, other than 
that of the pion, that are dynamically generated had to 
be scaled as a function of the quark condensate. In many- 
body systems where such a vacuum change is generated 
by strong nuclear interactions, this idea can be addressed 
only in an effective field theory framework and not di- 
rectly in QCD language. So the question then is: In 
what way would BR scaling manifest in complex many- 
body processes? The answer to this question depends 
on scales that are involved. This point was recognized 
in the early phenomenological papers by Brown and Rho 
where the scaling effect was looked for in spin-isospin de- 
pendent nuclear interactions, notably the tensor forces. 
Thus very near the chiral transition point, HLSi theory, 
well-defined by the VM fixed point, makes an extremely 
simple and clear-cut prediction - whether right or wrong 
- in the property of the vector mesons p and u> and hence 
of physical observables associated with them. However 
away from the VM fixed point, the situation is quite dif- 
ferent and a lot more intricate. While the parameters of 
the HLSi Lagrangian are directly linked to the quark con- 
densate thanks both to the local gauge invariance and to 
the matching to QCD, most physical observables, while 
dependent on BR scaling, have complicated dependence 
on the chiral order parameter. For instance, at the scale 
of the structure of light nuclei, BR scaling can figure in 
giving effective nuclear forces. Most striking of all in 
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this category is the archaeologically long lifetime of the 
14 C decay explained in terms of the tensor force that 
results from an intricate cancelation between the pionic 
term and the p term where BR scaling enters through 
the parametric mass term [56| . On the other hand, near 
the Fermi liquid fixed point of nuclear matter, BR scaling 
manifests itself in the Landau Fermi liquid parameter F\ , 
explaining how exchange currents affect the orbital gyro- 
magnetic ratio in heavy nuclei (57| . It is in this context 
(as stressed in [5^]) that one would have to understand 
the role of dileptons as a possible litmus indicator for 
chiral symmetry in hot and/or dense matter. 

Using the notion of the hadronic freedom, we have ar- 
gued that the dileptons measured in heavy ion collisions 
are mostly, if not all, from the p°'s outside of the hadronic 
freedom (or fireball) regime. We should stress that the 
hadronic freedom, a notion derived from HLSi with its 
VM fixed point, has an additional assumption extraneous 
to HLSi in the VM that requires verification. It assumes 
that the p width at the VM fixed point is not zero whereas 
a strict adherence to HLSi with no additional ingredients 
- which we believe is not complete - would imply that 
the width vanishes. This renders it to a possible falsifi- 
cation. An observation of a strong enhancement of the 
dilepton production in the close vicinity of T c , while giv- 
ing a partial support to the simplest HLSi, would falsify 
the notion of the hadronic freedom and hence our sce- 
nario on dileptons described in this paper. 

The violation of vector dominance, a characteristic of 
HLSi in the vector manifestation, could also be subject 
to falsification. While dileptons from p mesons are sup- 
pressed, one expects dileptons coming from pions via di- 
rect coupling due to the VD violation. To see this effect, 
it would be necessary to subtract all the "background" 
coming from on-shell sources. This might be a daunting 
task but if such effect is found, it will be a "smoking-gun" 
signal for HLSi hi the vector manifestation and also an 
indirect support for BR scaling. 

There have been discussions, both experimental and 
theoretical, on the behavior of vector mesons in cold 
dense nuclear medium [58j ]. Experiments in the upcom- 
ing accelerators will surely generate a lot of activities in 
this area. It would be difficult to probe directly the den- 
sity regime in the close vicinity of the VM fixed point, 
so what one can do is to study various precursor effects 
of matter at densities near that of nuclear matter. The 
JLab 6()\ CD-Bonn [gj and KEK [H experiments be- 
long to this class. 

We now check what is involved in HLSi theory for such 
effects. 

What is addressed in this class of experiments is the 
"mass" of the vector mesons p and u> "seen" inside nu- 
clear medium at a density <J, uq. The measured quantities 
reflect the pole mass which in HLSi is given by what is 
equivalent to Eq. (I15|) in density, 

m v = a F n g + £ (44) 

where the asterisk here stands for the intrinsic depen- 



dence on the chiral order parameter, i.e., the quark con- 
densate, which changes with density and E* is the "dense 
loop" corrections gotten from the HLSi Lagrangian in a 
suitable perturbative series. Now to address the dense 
loop corrections, it is necessary to introduce fermionic 
degrees of freedom to implement matter density. In prin- 
ciple this could be done in terms of dense skyrmions in 
HLSi or better in HLSqo involving the infinite tower of 
vector mesons in 4D or instantons in 5D which automat- 
ically takes into account the intricate vacuum structure 
in which both pions and vector mesons are condensed 
generating a self-consistent baryonic background for fluc- 
tuating mesons. In a sophisticated version of this type 
of approach, one could also build in N*'s, thereby incor- 
porating such collective excitations as "sobars" [52| etc. 
Efforts are being made to arrive at dense matter through 
this approach but up to date there has been little progress 
along this line. 

What has been done up to date is to introduce, some- 
what ad hoc, quasiquarks in a gauge invariant way into 
HLSi [19]. At one loop order, we can rewrite (|4~4"|) as 

m* v 2 = a*ffg* 2 + 12g* 2 cG* (45) 

where /* is the pion decay constant renormalized by 
dense one-loop corrections, G* is a known function of 
density and c is the only undetermined constant in the 
Lagrangian which is of 0(1). We can make a rough esti- 
mate of (1451) at nuclear matter density [HI, 

(m* v /m v ) 2 (n ) » (ft (n Q )/U) 2 + 0.21c 

fa 0.64 + 0.21c (46) 

where we have used the value f*/fn « 0.8 quoted in the 
literature at nuclear matter density 64]. If c > and 
c ~ 0(1), one sees that the dense loop corrections - that 
comprise essentially of mundane nuclear interactions in 
the given field theory framework - are comparable to the 
first term that purports to provide direct information on 
BR scaling. We see from this simple calculation that 
in order to reveal unequivocally the role of BR scaling, 
one first has to define precisely what quantities one is to 
zero-in on in a precisely defined effective field theory, and 
then to compute many-body corrections in a way consis- 
tent with the effective theory so defined. Phenomeno- 
logical Lagrangians constructed solely to fit free-space 
quantities - hence valid at tree order and devoid of the 
Wilsonian renormalization-group flow [|| - are not likely, 
if not impossible, to provide useful information of this 
subtle nature. In HLSi, it is the parametric mass (first 
term on the RHS of (|4"S"|) ) - and not the measured pole 
mass - that carries the looked-for information. 

That dileptons, considered to be an ideal snapshot of 
the chiral order parameter, appear to be blind to BR 
scaling may seem to indicate that BR scaling cannot be 
probed unambiguously. This is however not the case. 
There are in fact certain quantities that could provide a 
clear-cut signal for the BR scaling at work. One such case 
that has been studied is the pion velocity v T at T c . The p 
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mass becoming degenerate with the pion mass as T — > T c 
in HLSi in the VM makes the pion velocity rapidly ap- 
proach 1 [65[, whereas in the absence of the massless 
p, v n can be rigorously shown to vanish [6t| . This is 
a night-and-day difference. The pion velocity going to 
zero would be a strong indication that the p mass does 
not drop, hence the vector manifestation is not realized 
in nature and would call for a revamping of the hidden 
gauge structure in the form of HLSi, perhaps requiring 
the infinite tower of vector mesons. It would be a chal- 
lenge to both theorists and experimentalist to find other 
cases where HLSi in the vector manifestation can be ex- 
posed equally directly and ultimately to exploit HLSoo in 
exploring the intricate nature of matter near the critical 
point. In this connection, it is of importance to note that 
in holographic QCD, baryons emerge as coherent states 
of pions and vector mesons, in particular, the p meson, 
and the vector modes "seen" in medium are excitations 
on top of this ground state in which both pions and vec- 
tor mesons are condensed. Thus the property of vector 
mesons in baryonic medium is expected to be vastly more 



intricate than the naive picture would give. 



Acknowledgments 

Three of us (MH, MR and CS) acknowledge the hospi- 
tality of Yukawa Institute of Theoretical Physics where 
"Yukawa International Program for Quark-Hadron Sci- 
ences" entitled "New Frontiers in QCD 2008" was held 
and where a part of this paper was written. The work 
of MH was supported in part by the JSPS Grant-in- Aid 
for Scientific Research (c) 20540262 and the Global COE 
Program "Quest for Fundamental Principles in the Uni- 
verse" of Nagoya University provided by Japan Society 
for the Promotion of Science (G07), part of the work of 
MR was funded by the WCU project of the Korean Min- 
istry of Educational Science and Technology and CS ac- 
knowledges partial support by DFG cluster of excellence 
"Origin and Structure of the Universe" . 



[1] G.E. Brown and M. Rho, Phys. Rev. Lett. 66 (1991) 
2720. 

[2] See, e.g., A. Ferretti et al., Proceedings of J^Und Ren- 
contres de Moriond on QCD and Hadronic Interac- 
tions", La Thu ile, Italy, 17-24 March 2007, e-Print: 
arXiv:0705.3339 [nucl-ex] where all previous references 
to the experiment are found. 

[3] By "mundane" nuclear processes, we mean those pro- 
cesses involving hadrons, both mesons and baryons, in 
nuclear medium that are calculable starting with a phe- 
nomenological chiral Lagrangian - possessing pertinent 
symmetries - whose parameters are fixed in the matter- 
free vacuum. By definition, calculations are strictly valid 
at tree order although in practice loops are commonly 
computed with phenomenological form factors or cut-offs. 

[4] Unless otherwise stated, a similar argument applies to 
density although we will address only temperature. 

[5] M. Harada and K. Yamawaki, Phys. Rept. 381 (2003) 1. 

[6] H. Leutwyler, "On the low energy end of the QCD spec- 
trum," larXiv:0809.5053l [hep-ph] . 

[7] In nature, the quark mass is not zero, so we are not at 
the chiral limit but barring some special cases, it is a 
good approximation. We will be considering the chiral 
limit unless otherwise stated. 

[8] Going systematically to higher energy scales with gauge- 
fixed Lagrangians is known to be very difficult if not im- 
possible. It is the local gauge invariance that allows a 
systematic account of higher derivative terms and ren- 
ders the effective theory amenable to a UV-completion. 

[9] N. Arkani-Hamed, H. Georgi and M.D. Schwartz, Annals 
Phys. 305 (2003) 96. 
[10] Here Nf is for any number of flavors but will be taken to 

be Nf = 2 for applications. 
[11] M. Bando, T. Kugo, S. Uehara, K. Yamawaki and 

T. Yanagida, Phys. Rev. Lett. 54 (1985) 1215. 
[12] M. Bando, T. Kugo and K. Yamawaki, Phys. Rept. 164 
(1988) 217. 



[13] D.T. Son and M. Stephanov, Phys. Rev. D69 (2004) 
065020. 

[14] T. Sakai and S. Sugimoto, Prog. Theor. Phys. 113 (2005) 
843; Prog. Theor. Phys. 114 (2005) 1083. 

[15] M. Harada, S. Matsuzaki and K. Yamawaki, Phys. Rev. 
D74 (2006) 076004. 

[16] Going beyond one-loop order is highly daunting and at 
present is unpracticable not only because there are a large 
number of diagrams that enter but also a large number 
of parameters to be fixed, which is not feasible given the 
present state of experimental data. It should however be 
mentioned that the results given below are valid at least 
qualitatively to all orders of chiral expansion. 

[17] S. Weinberg, Phys. Rev. D56 (1997) 2303. 

[18] M. Harada and C. Sasaki, Phys. Lett. B537 (2002) 280. 

[19] M. Harada, Y. Kim and M. Rho, Phys. Rev. D66 (2002) 
016003. 

[20] The parameteric mass will be denoted as M p while the 

physical (pole) mass will be given as m p . 
[21] E.V. Shuryak and G.E. Brown, Nucl. Phys. A717 (2003) 

322. 

[22] P. Fachini, R. S. Longacre, Z. Xu, and H. Zhang, J. Phys. 
G: Nucl. Part. Phys. 34 (2007) 431. 

[23] D.E. Miller, Phys. Rept. 443 (2007) 55. 

[24] It will be more direct to determine the flash temperture 
from lattice measurements of the quark condensate. We 
became aware of the measurement of the light-quark con- 
densate for reasonably realistic quark masses, M. Cheng 
et al, Phys. Rev. D77 (2008) 014511, after the prelimi- 
nary version of this paper was posted on the web. This 
measurement would give a flash temperature ~ 140 MeV. 
We would like to thank Wolfram Weise for pointing out 
this reference to us. 

[25] G.E. Brown, C.-H. Lee, M. Rho, "The STAR p° /w~ 
ratio in Au-Au peripheral collisions at RHIC and 
the vector manifestation of hidden local symmetry,'' 
|nucl-th/0507011| 



15 



[26] 
[27] 

[28] 

[29] 

[30] 
[31] 



[32] 



[33] 

[34] 
[35] 
[36] 



[37] 
[38] 
[39] 

[40] 

[41] 



H.-J. Park, C.-H. Lee and G.E. Brown, Nucl. Phys. A763 
(2005) 197. 

An interesting possiblity to explore is that the existence 
of the infinite tower of mesons in the hadronic freedom 
regime could figure in cooling of the system from T c to 
Tf- 

J.J. Sakurai, Currents and mesons (Chicago U.P., 
Chicago, 1969). 

M. Harada and K. Yamawaki, P hys. Rev. Lett. 87 (2001) 
152001 [arXiv:hep-ph/0105335j . 

M. Harada and C. Sasaki, Nucl. Phys. A736 (2004) 300. 
D.K. Hong, M. Rho, H.-U. Yee and P. Yi, JHEP 09 
(2007) 063; Phys. Rev. D77 (2008) 014030; M. Rho, 
"Baryons and vector dominance in holographic dual 
QCD," larXiv:0805.3342l [hep-ph]; J. Park and P. Yi, 
JHEP 0806 (2008) 011; P. Yi, "Holographic baryons," 
to appear. 

T.E. Coen et al, Phys. Rev. Lett. 92 (2004) 232001. In 
this article, the process of r decay into K~tt~ K + v t was 
studied. From Eq. (7) of this article, we can extract the 
pion charge form factor in the form (in the notation of 
this reference) 



BW P (Q 2 ) + \BW P ,(Q 2 ) + SBW p n{Q 2 
l + A + <5 



where p = po, p' = pi and p" = p2 in our notation. Best 
fit to experiments for 1.2 GeV < \J Q 2 < 1.8 GeV gave 
A = -0.314±0.073 and S = 0.101±0.020. Assuming that 
the momentum dependence can be ignored, this would 
give for the charge sum rule (|19|l 



(47) 



F(0) = 1.27 - 0.40 + 0.13 + 0.00 = 1.00. 



Although one might suspect that there could be ap- 
preiable momentum depndence, particularly in the time- 
like regime where the constants A and S are deterimned, 
this is tantalizingly close to the Sakai-Sugimoto result 
(|21[) . It also provides a support to the argument de- 
veloped later for pion-lepton couplings. It would be in- 
teesting to take into account the momentum dependence 
and check whether this result survives. 
M. Harada and C. Sasaki, Phys. Rev. D74 (2006) 
114006. 

STAR Collaboration, Phys. Rev. Lett. 92 (2004) 092301. 
R. Rapp, unpublished. 

P. Braun-Munzinger, K. Redlich and J. Stachel, in Quark 
Gluon Plasma 3 eds. R. C. Hwa and X.- N. Wang (World 
Scientific Publishing), |nucl-th/0304013| 
G.E. Brown, C-H. Lee and M. Rho, Phys. Rev. C74 
(2006) 024906. 

M. Asakawa, T. Hatsuda and Y. Nakahara, Nucl. Phys. 
A715 (2003) 8630. 

As explained in detail in [37j | . we are taking into account 
scalar and axial-vector degrees of freedom in the HLS 
framework although their inclusion has not been rigor- 
ously formulated. 

S. Weinberg, Phys. Rev. Lett. 65 (1990) 1177; "Unbreak- 
ing symmetries," in Salam festschrift ed. A. Ali, J. El- 
lis and S. Randjbar-Daemi (World Scientific, Singapore, 
1994). 

This suggests yet another feature that departs drasti- 
cally from the standard scenario that depicted a strongly- 
correlated hadronic matter below T c making transition to 



[42] 
[43] 
[44] 

[45] 
[46] 



[47] 



[48] 
[49] 



[50] 

[51] 
[52] 

[53] 

[54] 

[55] 

[56] 
[57] 
[58] 



a non-interacting quark gluon plasma above T c . Our sce- 
nario instead has it that a non-interacting nearly mass- 
less hadronic matter below T c makes a transition to a 
strongly-correlated matter just above T c . 
G.E. Brown, C.-H. Lee and M. Rho, Nucl. Phys. A747 

(2005) 530. 

G.E. Brown, B. Gelman, M. Rho, Phys. Rev. Lett. 96 

(2006) 132301. 

G. E. Brown, C. H. Lee and M. Rho, Phys. Rev. Lett. 
101 (2008) 091101 [Phys. Rev. Lett. 101 (2008) 119901]; 
Phys. Rept. 462 (2008) 1. 

M. Rho, "Hidden local symmetry and dense half- 
skyrmion matter," e-Print: arXiv:0711.3895 [nucl-th]. 
By "standard picture" we mean the descritpion in which 
vector dominance is assumed and mundane many-body 
effects are taken into account in both the real and imag- 
inary part of self-energy of the vector meson in the tem- 
perature interval involved. It may or may not incorporate 
some sort of "dropping mass" effects. As noted above, 
this factor cannot be applied without suitable modifica- 
tions to the HLSi result of [33j ] . 

The SU (4) symmetry at just above T c is slightly broken 
by the spin-dependent force, but the inertial parameter 
po is large, so the mass is only a few percent of the free 
p mass. 

R. Arnaldi et al., Phys. Rev. Lett. 100 (2008) 022302. 
We are not concerned with the sudden decline (and there- 
fore flow) in T e ff at masses > 1 GeV which is most natu- 
rally explained as a transition to partonic processes like 
qq -> p + p~. 

S. Damjanovic, in http://www.ect.it/Meetings 



/ConfWksAndCollMeetings/ConfWksDocument 
/2007 /Talks / 1 8_22_ June/Damj anovic.cut . ppt . 
K. Dusling, D. Teany and I. Zahed, Phys. Rev. C 75 
(2007) 024908. 

G. E. Brown and M. Rho, "NA60 and BR scaling in 
terms of the vector manifestation: Formal consid- 
eration," e-Print: |nucl-th/0509002| "NA60 and BR 
scaling in terms of the vector manifestation: A Model 
approach," e-Print: |nucl-th/0509001| 

H. van Hees and R. Rapp, "Medium modifications 
of vector mesons and NA60," |arXiv:hep-ph/0604269| 
J. Ruppert and T. Renk, Eur. Phys. J. C 49, 219 
(2007); J. Ruppert, C. Gale, T. Renk, P. Lichard and 
J. I. Kapusta, Phys. Rev. Lett. 100 (2008) 162301. 
N.N. Achasov and A. A. Kozhevnikov, "Hidden local 



symmetry and the reaction e + e 



at 



energies y/s < 1 GeV," arXiv:0809.3883l 

A. Ohnishi, N. Kawamoto and K. Miura, " Brown- 
Rho scaling in the strong coupling lattice QCD," 
larXiv:0803.0l255[ nucl-th] . 

J.W. Holt, G.E. Brown, T.T.S. Kuo, J.D. Holt and 
R. Machleidt, Phys. Rev. Lett. 100 (2008) 062501. 

B. Friman and M. Rho, Nucl. Phys. A606 (1996) 
303. 

Finite 3-momenta carried by p mesons arc expected 
to affect in-medium p spectral functions and hence 
obscure the manifestation of chiral symmetry in nu- 
clear medim. The calculation performed in hadronic 
many-body theory for the p produced by photon re- 
actions off nuclei 59] has indeed shown that the rela- 



16 



tively large 3-momenta relevant for the JLAB CLAS 
experiments significantly affect the pole structure of 
the propagator in medium and hence the spectral 
function of the p meson. Thus, the dilepton rates 
with a low momentum are more relevant to details 
of medium effects in the data. 

[59] F. Riek, R. R app, T. S. Lee and Y. Oh, 
larXiv:0812.0987l [nucl-th], 

[60] R. Nasseripour et al. [CLAS Collaboration], Phys. 
Rev. Lett. 99 (2007) 262302. 

[61] D. Trnka et al. [CBELSA/TAPS Collaboration], 
Phys. Rev. Lett. 94 (2005) 192303. 

[62] K. Ozawa et al. [E325 Collaboration], Phys. Rev. 
Lett. 86, 5019 (2001); M. Naruki et al, Phys. Rev. 
Lett. 96, 092301 (2006). 

[63] Let us rewrite Eq. (|46p in a form that would be given 
in the standard (phenomenological) approaches with 
no local gauge symmetry and without matching to 
QCD - hence no intrinsic density dependence - as 
(my/my) 2 = 1 + A. It is the A that the standard 
approaches would interpret - and the experimental- 
ists measure - as the "mass shift." In our simple cal- 



culation with HLSi, it is given by A = 0.12c — 0.36. 
We see that for c > and c ~ 0(1), the "mass shift" 
can be negligible due to cancelation, the extent to 
which the cancelation takes place depending upon 
the detailed structure of the nuclei studied. In this 
form, BR scaling is not "visible." This illustrates the 
difficulty in probing BR scaling at a density far from 
the VM fixed point. 
[64] P. Kienle and T. Yamazaki, Prog. Part. Nucl. Phys. 
52 (2004) 85. In the Lorenz non-invariant system 
we are dealing with, the pion decay constant that 
figues is the time component. The difference bwteen 
the time and space components of the pion decay 
constant - which is model-dependent as one can see 
in the pion velocity [65l . [66[ - shows up at higher 
orders than what we are working with, so we shall 
ignore it here. 

[65] M. Harada, Y. Kim, M. Rho and C. Sasaki, Nucl. 

Phys. A727 (2003) 437. 
[66] D. T. Son and M. A. Stephanov, Phys. Rev. Lett. 

88 (2002) 202302; Phys. Rev. D 66 (2002) 076011. 



